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ABSTRACT We have measured, using infrared spectroscopy, the hydrogen/deuterium exchange rates of the amide protons
in the photosynthetic antenna of Rhodospirillum rubrum. These measurements were made not only on the intact protein in
detergent solution but also on two dissociated forms (B820 and B777). We have, on the basis of our knowledge of the
structure of this protein, been able to assign the various groups of amide protons that exchange with different time constants
to distinct regions of the protein. The most protected group of protons that we observe exchanging with time constants near
6000 min we assign to the transmembrane helices. The slow exchange rates measured for the amide protons of the
transmembrane helices of this protein in detergent solution may indicate a destabilization of the helices in detergent solution
compared with the membrane. This group of protons is progressively destabilized by stepwise dissociation of the antenna
protein, and this destabilization is greater than we can account for by increases in solvent accessibility. We suggest that the
observed loss of amide proton protection in the transmembrane helices as they are dissociated might be due to an increase
in the helix flexibility and breathing motions as interactions between helices are reduced.
INTRODUCTION
The classical method for measuring amide proton/deuteron
exchange is NMR (Englander and Mayne, 1993). In its most
recent incarnations the usual approach is to measure
changes in amide proton protection as a protein refolds. This
can now be done with impressive resolution both in time (1
ms) and space (individual amide protons). Unfortunately the
use of NMR methods is restricted to systems in which
various criteria are met. The protein must be soluble at the
high concentrations needed for NMR in a nonviscous sol-
vent, and the protein must tumble rapidly. This effectively
restricts studies to small monomeric water soluble proteins
available in relatively large amounts. Recently, two tech-
niques have been developed that allow measurements of
amide proton exchange in samples ill adapted to NMR
measurements, mass spectrometry and Fourier transform
infrared spectroscopy (FTIR), which we use in this paper.
Hydrogen/deuterium exchange measurements by FTIR
have previously been used to study a number of integral
membrane proteins in various lipid environments. These
studies have as a rule demonstrated a proportion of amide
protons undergoing almost no exchange, which are assigned
to transmembrane helical regions. For example, in the study
by Earnest et al. (1990) of bacteriorhodopsin in purple
membranes, 70–75% of the amide protons were resistant to
exchange. This value roughly corresponds to the mem-
brane-embedded part of the protein. A more recent study of
phospholamban (Ludlam et al., 1996) again indicated a
large proportion of amide protons that were not exchanging
and provided evidence that these were associated with the
transmembrane helical region, whereas faster exchanging
amide protons were associated with the cytoplasmic do-
main. Notable exceptions to the rule of little exchange of
amide protons in transmembrane helices are the studies of
the glucose transporter by Alvarez et al. (1987) and the
CHIP28 protein by Haris et al. (1995) in which in each case
almost all the amide protons exchanged very rapidly. This
was attributed to high water accessibility to the interior,
membrane-spanning portion of the protein via the presumed
pore. This study differs in addition from those sited above in
that the protein was extracted in N-lauryl sarcosine rather
than reconstituted into phospholipid vesicles in the case of
phospholamban or in a native paracrystaline membrane for
bacteriorhodopsin. The difference in the lipid environment
could be important in that it is at least possible that in the
nonexchanging systems the lipid was in a gel rather than
fluid phase. The P’ L phase transition of dimyristoylphos-
phatidyl choline, used in the measurements of phospholam-
ban made at room temperature, is close to room temperature
(Janiak et al., 1979). Similarly, at ambient temperatures the
purple membrane is in the gel phase (Ashikawa et al., 1994).
The core antenna of the photosynthetic bacterium R.
rubrum provides an ideal model for investigating factors
that affect the stability and structure of transmembrane
helices. This protein is reasonably well characterized struc-
turally (Karrasch et al., 1995) (see below) and can be
prepared either intact or in various degrees of dissociation
(Loach et al., 1985; Sturgis and Robert, 1994). The disso-
ciation of this protein by the detergent n-octyl--D-gluco-
pyranoside results in the accumulation of an intermediate
subunit form called B820 at lower detergent concentrations
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than are necessary for the complete dissociation into a form
called B777 containing individual polypeptides with their
associated pigment molecules (Sturgis and Robert, 1994).
The structural knowledge coupled with the ability to prepare
the protein in various different aggregation states makes this
protein an ideal sample for hydrogen/deuterium (H/D) ex-
change measurement using FTIR.
In this paper we present the first measurements of H/D
exchange rates in transmembrane helices in both an intact
isolated membrane protein and in various subunit forms of
the same protein. These measurements are interpreted in the
light of our current structural knowledge of these proteins in
which they allow the assignment of different exchange rates
to different structural regions of the protein.
MATERIALS AND METHODS
R. rubrum core antenna (B873) was purified from washed, reaction center-
depleted chromatophores (Cogdell et al., 1982) of the carotenoidless strain
G9, as previously described (Sturgis and Robert, 1994). Purified antenna
protein was dialyzed against 1 mM Tris-HCl, pH 8.0, buffer to reduce the
buffer ion and detergent concentrations, and this sample was used for the
acquisition of the B873 data. The two subunit forms of the antenna, B820
and B777, were prepared by incubation of the dialyzed-purified core
antenna with an appropriate amount of n-octyl--D-glucopyranoside suf-
ficient to convert the B873 preparation into the desired spectral from. For
FTIR measurements, films containing approximately 100 g of protein
were prepared by permitting the sample to dry on a germanium attenuated
total reflection (ATR) plate (50  20  2 mm) by slow solvent evapora-
tion. The absorption spectra of films prepared similarly by drying the same
solutions on quartz plates were taken to ensure the samples retained the
expected spectral form.
Spectra were recorded on a Bruker IFS55 spectrophotometer, and the
internal reflection element was the germanium plate, described above,
coated with the sample with an aperture angle of 45° yielding 25 internal
reflections. H/D exchange was initiated by connecting the sample holder to
a flow of D2O saturated nitrogen. Then for each time point, 16 scans were
recorded and averaged with a resolution of 4 cm1, as described in
Raussens et al. (1996).
After acquisition, the spectra were corrected for the contributions of
both atmospheric water (Goormaghtigh and Ruysschaert, 1994) and lateral
side chains (Goormaghtigh et al., 1994a) to the spectra. For kinetic anal-
yses, the amide I and amide II bands were integrated numerically between
1590 and 1710 cm1 and between 1500 and 1575 cm1, respectively. The
intensities of the amide II band were normalized to those of the amide I
band to compensate for changes in the protein film thickness due to
adsorption of D2O. Then the data were scaled to give an initial signal
before exchange of 100. Laplace transforms of the kinetic data were
calculated using the method of Provencher (1982), assuming at the end-
point no contribution from the amide II band. This assumption seems
reasonable on the basis of the absence of an amide II band in the FTIR
spectra of antenna protein samples in which H/D exchange has continued
over a period of several weeks (Gall, Sturgis, and Robert, personal
communication).
RESULTS
In Fig. 1, we show how the ATR-FTIR absorption spectra
change with time after initiation of the hydrogen deuterium
exchange. In these spectra, there are three major bands
derived from the peptide backbone: the amide I band cen-
tered near 1650 cm1, the amide II band near 1550 cm1,
and the amide II band near 1460 cm1. The amide I band
is due mainly to CO stretching with some contributions
from CN stretching and is sensitive to the protein secondary
structure. Indeed, the shape of this band can be used to
estimate protein secondary structure (Goormaghtigh et al.,
1994b for review). The amide II band derives from in-plane
NH bending coupled to the CN stretching of the peptide
bond. As can be readily observed, the intensity of this band
decreases markedly during exchange. Those peptide bonds
in which the proton is exchanged for a deuteron no longer
contribute to this band but rather to the in-plane ND bending
band, which appears near 1000 cm1. The CN stretching
contribution moves to 1450 cm1 in which it mixes with
other backbone modes to give the amide II band. The
amide II band is thus responsible for the increase in ab-
sorption during the experiment and is clearly observable in
the 1460 cm1 region.
Measurements of the time dependence of the infrared
absorption spectrum after starting deuterium exchange were
FIGURE 1 Time-dependent spectra for B873, obtained as described in
Materials and Methods from an essentially detergent-free antenna prepa-
ration, were obtained at various times after the initiation of H/D exchange.
Spectra were obtained at 30-s intervals from 5 min to 10 min and
thereafter at 11.5, 14, 19, 27.4, 40.3, 59.1, 85.7, 122, 173, 242, 334, 459,
625, 847, and 1142 min relative to the initiation of exchange. Certain
spectra are labeled with the time in minutes. The spectra shown are those
attributed to the polypeptide chain obtained after removal of contributions
due to atmospheric water and side chain contributions, as described in the
text.
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equally made on the two subunit forms of the R. rubrum
antenna complex (B820 and B777). The shape of the amide
I bands observed in each of the three samples we examined
were all very similar and entirely consistent with our pre-
vious conclusions of little or no variation of helical content
with dissociation of the intact antenna to the subunit forms
(Sturgis and Robert, 1994). For all samples, we verified that
thin films prepared similarly to those for infrared spectros-
copy, but on quartz rather than germanium plates, remained
in the appropriate spectral form.
In Fig. 2, we show the observed development in the area
of the amide II band with time for the three different forms
of the antenna protein studied. In panel A, we show a
portion of the data with a linear time scale, and in panel B,
we show the data with a logarithmic time scale in order to
give a pseudo-linear representation. From the data in panel
A, it can be seen (especially in the intact system) that there
are a portion of the amide hydrogens that exchange rapidly
over a few minutes and then others that exchange much
more slowly. From a comparison of the different forms of
the protein, it is clear that the dissociation by detergent has
a profound effect on the kinetics of deuterium exchange.
Qualitatively, these seem to be a reduction in the fast rates
of exchange on one hand and an acceleration of the slower
rates of exchange. In order to perform a more quantitative
analysis of the data, it is necessary to obtain some idea of
the various rate constants involved.
The kinetics that we show here result from many indi-
vidual amide protons, including one for each of the 101
peptide bonds, each of which is expected to have its own
characteristic first order exchange rate under the conditions
used. Though we do not have sufficient data or resolution to
assign 101 rate constants, it is possible to obtain an idea of
the distribution of rate constants from the Laplace transform
of the time-dependent exchange data (Goormaghtigh et al.,
1994a). In Fig. 3 are shown the Laplace transforms of the
data shown in Fig. 2. In this method the figure shows the
envelope of the rate constant distribution. This analysis
method is somewhat prone to instability when applied to
noisy data; however the transforms that we obtained were
reasonably stable and form a self consistent set. For the
intact complex we observe five groups of rate constants for
the exchange, and 65% of the amide hydrogens exchange
slowly with time constants of 6000 min, whereas the
remaining 35% of amide protons are divided into four
groups of approximately equivalent size (7–10%) with time
constants near 100, 10, 2, and 0.5 min. It should be re-
marked that this last group of quickly exchanging protons
exchange is within the maximum resolution of the measure-
ments, and thus 0.5 min is simply a lower limit for this time
constant.
Comparison of the transforms for data from the three
different structural forms allows us to quantify the effects of
detergent induced dissociation on the exchange rates. In the
intermediate form (B820) there are three changes in the
distribution of exchange rates. First, the slow exchange rates
are slightly accelerated from 1.6 104 min1 to 5 104
min1. Second, the two fastest series of exchange rates
FIGURE 2 Normalized amide II contributions as a function of time.
Upper panel, linear scales; lower panel, logarithmic time scale. Each point
represents the integrated area of the amide II band in spectra like those in
Fig. 1 after the given time for H/D exchange relative to an initial area of
100 before the start of the exchange. Data from three different states of the
antenna protein, prepared as described in Materials and Methods, are
shown: solid line, B873; dashed line, B820; dotted line, B777.
FIGURE 3 Laplace transform of the data in Fig. 2 showing the distri-
bution of rate constants. The transformed data was normalized to an
integrated area of 100. Solid line, B873; dashed line, B820; dotted line,
B777.
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appear to merge to give a single group of hydrogens with a
time constant of 2.2 min. Finally, the group initially ex-
changing with a time constant of about 100 min, now
exchange with a time constant nearer 40 min. Remarkably
the H/D exchange rate of those peptide bonds that initially
gave a rate of 0.1 min1 appear to be virtually unaffected
by the dissociation. In the fully dissociated form (B777), the
various changes in the rate constants progress. Notably the
slowly exchanging protons, which continue to represent
65% of the total, now exchange still faster with a time
constant of 1000 min; whereas the remainder of the pro-
tons now all exchange as a single group with a time constant
of 20 min.
DISCUSSION
It is of interest to consider the results for the accessibility of
the various amide hydrogens to deuterium exchange with
reference to the protein structure. Though there is no high
resolution structure of the protein used here either in its
native conformation or in the two subunit forms investi-
gated, a certain amount of structural detail can be inferred
by combining information from the high resolution struc-
tures of a number of closely related proteins (McDermott et
al., 1995; Koepke et al., 1996), the low resolution structure
of the protein we have used in the present study (Karrasch
et al., 1995), various spectroscopic studies of this and
closely related proteins (Sturgis et al., 1997, Olsen et al.,
1997), and the structural relationship between the various
subunit forms (Sturgis and Robert, 1994; 1995).
Protein structure
The basic building block of the core antenna protein we
have studied here is a heterodimeric subunit containing two
polypeptides ( and ) of 52 and 54 amino acids, respec-
tively and two bacteriochlorophyll amolecules illustrated in
Fig. 4. Each of the two polypeptides contains three regions:
an N-terminal cytoplasmic region, a transmembrane -he-
lical region, and a C-terminal periplasmic domain. Within
the transmembrane region of each polypeptide, the N atom
of a histidyl residue acts as a ligand to the central magne-
sium of a bacteriochlorophyll molecule. Each polypeptide
also provides a ligand to the C2 acetyl group of the bacte-
riochlorophyll molecule that it binds from the C-terminal
region, and it is believed that the N hydrogen of the
liganding histidines interact with the C9 ketone group of the
other bacteriochlorophyll molecule (Olsen et al., 1997; Hu
et al., 1997) so stabilizing the dimer. The -polypeptide
probably contains an irregularly structured short N-terminal
region of residues 1–10, followed by a long transmembrane
helix from residue 11–44 nearly perpendicular to the mem-
brane, a short turn to bring tryptophan 46 within hydrogen
bonding distance of the bacteriochlorophyll acetyl group,
and an irregularly structured C-terminal region for residues
47–54. The structure of the -polypeptide is perhaps less
well defined in the N-terminal region since it is unclear
exactly where the transmembrane helical region should
start. However after an initial segment, possibly in a 310
helical structure, the transmembrane helix runs from about
residue 8–35. Then after a turn, there is an amphipathic
helix from about residues 37–49. The transmembrane helix
is very close to perpendicular to the membrane plane,
whereas the amphipathic helix probably lies along the mem-
brane surface and includes tryptophan 39, which ligands the
second bacteriochlorophyll acetyl group. From comparison
with the known structures, we can be reasonably certain of
the structures within the membrane and in the C-terminal
region as the protein we have studied has strong homology
in this region with that investigated by Koepke et al. (1996).
However, the accuracy of the description in the N-terminal
regions is less certain. The angle of the C-terminal amphi-
pathic helix to the membrane surface deserves comment
because although helix is nearly parallel to the membrane in
the Rhodopseudomonas acidophila LH2 structure (McDer-
mott et al., 1995), it is at a considerable angle in the R.
molischianum structure of Koepke et al. (1996). However,
in this structure this region is involved in a number of
crystallographic contacts and is possibly orientated in the
membrane more or less parallel to the membrane surface, as
observed in the R. acidophila LH2 structure.
The native antenna protein (B873) is formed from a
cyclic oligomer containing 16 repetitions of this het-
erodimeric subunit (Karrasch et al., 1995). This cyclic oli-
gomerization involves the creation of and is stabilized by a
number of contacts among adjacent subunits. In particular,
there are close contacts between the pigment molecules in
adjacent helices. The transmembrane helices probably pack
together reasonably well. In addition, there are a few pos-
sible hydrogen bonds between subunits in the N- and C-
terminal regions between the -polypeptide of one subunit
and the -polypeptide of the next subunit in the ring (Ko-
epke et al., 1996).
The intermediate form (B820) is believed to be composed
of a head to tail dimer of the basic heterodimer (Sturgis and
FIGURE 4 Schematic diagram of the structure of the heterodimeric
subunit of the antenna protein discussed in the text. The diagram shows the
heterodimeric subunit with the - (right) and - (left) polypeptides sand-
wiching 2 Bchl a cofactor molecules. This structure shown is based on the
work of Karrasch et al. (1995), McDermott et al. (1995), and Koepke et al.
(1996).
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Robert, 1995) and thus contains four polypeptides and pig-
ments. Though it is not immediately clear how the two
heterodimers are arranged on the basis of the spectral prop-
erties that place the chromophore pairs far apart, it seems
probable that the interaction involves the N-terminal re-
gions. Finally, the dissociated form studied here is thought
to represent isolated polypeptides with bound pigment mol-
ecules (Sturgis and Robert, 1994). Most importantly, the
secondary structure composition remains almost completely
unaffected by the dissociation as observed by infrared spec-
troscopy (Sturgis and Robert, 1994; and this work) and in
agreement with earlier far ultraviolet CD spectroscopy
(Chang et al., 1990). This dissociated form therefore repre-
sents the structurally stable helical units proposed as the
intermediate state in the folding of helical membrane pro-
teins (Popot and Engelman, 1990) with each containing a
bound pigment molecule.
H/D exchange rates in different parts of
the structure
The major group of slowly exchanging protons, which in
each form studied represents 64% (63.8  3.1) of the
peptide bonds, were assigned to the transmembrane helical
regions. The regions assigned to the transmembrane seg-
ments represent 60% of the amide nitrogens in the struc-
ture. Based on the description above, this corresponds well
with the size of the signal from the slowly exchanging
protons. The slight underestimation might indicate that the
-polypeptide transmembrane helix extends slightly further
toward the N terminus than proposed above. Of course,
possible differences in extinction coefficient among the
various amide groups cannot be ignored (de Jongh et al.,
1996).
The assignment and understanding of the changes in the
exchange rates of the other groups of protons is more
complex. We believe there are two possible effects. One
effect is a reduction in the effective kinetic resolution due to
the presence of relatively large amounts of detergent in the
two dissociated samples (B820 and B777). In addition to
this effect, we would propose a progressive dissociation-
induced, or detergent-induced, destabilization of those 8–10
protons that initially had exchange rates near 0.01 min1
and a remarkable insensitivity of the similar number of
protons with exchange rates near 0.1 min1 to dissociation.
The mechanism whereby the detergent could reduce the
effective kinetic resolution is unclear. One possibility is that
the high concentrations of hydroscopic detergent slow the
equilibration of the deuterium oxide vapor across the in-
creasingly thick and hydrated protein/detergent film result-
ing in a merging of all the exchanging groups faster than 2.2
min in the B820 form and about 14 min in the B777 form.
This effect would thus progressively amalgamate the groups
of faster exchanging protons and reduce their apparent
exchange rate without necessarily stabilizing the structure.
Alternatively the loss of kinetic resolution might be due to
stabilization of certain regions of the protein in the viscous
detergent-rich environment. It should be recalled that the
effect is unlikely to be due to the detergent acting as a
barrier to D2O diffusion as even phospholipids are ineffec-
tive as such a barrier (Goormaghtigh et al., 1994a)
It is hard to assign the various groups of more quickly
exchanging protons, however the group that is progressively
destabilized by dissociation may well represent the peptide
bonds in the C-terminal helical region of the -polypeptide.
This assignment is justified because this segment is ex-
pected to be well structured from the known three-dimen-
sional structures, thus showing a low exchange rate in the
native form, and to change its environment substantially
during dissociation both as it is expected to be involved in
intersubunit contacts and is involved in interactions with the
pigment molecules, which are known to be perturbed by
dissociation (Sturgis and Robert, 1994). This would leave
the peptide bonds of the termini of the -polypeptide, the N
terminus of the -polypeptide, and the various loops and
turns to be assigned. It seems possible that the most stable
remaining group of peptide bonds, with an exchange time
constant of about 10 min insensitive to the dissociation, are
associated with one of the N-terminal regions perhaps of the
-polypeptide, however any such assignment must remain
highly tentative.
As we assign the different regions of the protein to
different exchange rate ranges above, it appears that the
different aggregation states we examined differ in the ex-
change rates for amide groups within the transmembrane
helical segments. Thus, we observe a rate of exchange six
times faster in the fully dissociated (B777) form than in the
native (B873) form. It is probable that this difference re-
sults, to a large extent, from changes in helix accessibility to
deuterium oxide as the forms differ in the presumed expo-
sure of the helices. For example, we estimate the relative
solvent accessible areas for the transmembrane helices in
the different forms to be 75% in the fully dissociated
(B777) form, 60% in the intermediate (B820) form, and
25% in the native (B873) form. However, these values
must overestimate the accessibility as the detergent will to
some extent restrict D2O access. In addition to changes in
the solvent accessibility, the exchange rate acceleration in
the dissociated forms reflects differences in the stability of
the transmembrane helices. Our results would appear to
suggest that this effect is relatively restricted, thus providing
evidence that the detergent environment does not seriously
perturb the stability of the helical secondary structure of the
transmembrane regions. However the sixfold exchange rate
increase is twice the estimated threefold increase in solvent
accessibility, implying a small effect of dissociation on
helix stability.
H/D exchange rates for a membrane protein
It is of considerable interest to note how the rates observed
compare with those previously observed in other proteins,
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particularly membrane proteins and membrane-associated
peptides. Previous work with membrane proteins has usu-
ally failed to assign exchange rates for the peptide groups in
transmembrane helices with the exchange of these groups
being very slow. The exceptions to this is the CHIP28
protein and the glucose transporter in which fast exchange
(minutes) was observed and attributed to high water acces-
sibility of these helices. We suspect that our observation of
a slow but measurable exchange with a time constant of
6  104 min is aided by the use of a detergent-solubilized
system rather than one embedded in a membrane and a
system in which all the helices can be regarded as exterior
to some extent. The precise effect of the lipid environment,
detergent versus bilayer, and the bilayer phase remains to be
clarified.
Above we assign an exchange with a time constant of
between 100 and 25 min, depending on the dissociation
state, to an amphipathic helix. Interestingly, previous mea-
surements on phospholamban in dimyristoyl phosphatidyl
choline bilayers (Ludlam et al., 1996) determined a time
constant of 500 min for the amide proton exchange of the
amphipathic helix. This is slightly slower than the values
that we determine here and attribute to an amphipathic helix
but of a similar order of magnitude. Furthermore, the dif-
ference observed can be attributed almost exclusively to pH
effects. Our measurements are at pH 8.0 as opposed to pH
7.4, which is expected to give a fourfold increase in the
measured exchange rates. Any remaining difference in the
time constants may well result from a small stabilization of
this type of helix by phospholipid head groups or from
differences in the helix lengths. The helix in the antenna
complex is somewhat shorter than that in phospholamban.
However, overall these very different amphipathic helices
appear to have similar amide proton exchange rates and
inference stabilities.
Implications for thermodynamics of membrane
protein folding
We have observed above that the exchange rates of the
amide nitrogens associated with the transmembrane helices
of a membrane protein depend upon the degree of associa-
tion of these helices. This effect probably is due to both an
increase in the solvent accessibility and to dissociation-
induced destabilization of the transmembrane helices. Inter-
actions among secondary structure units stabilize these
structural units is unsurprising. However, this is the first
indication that this might be the case for transmembrane
-helices. This is of considerable interest for considerations
of the thermodynamics of membrane protein assembly. Ac-
cording to the model of Popot and Engelman (1990), mem-
brane protein folding and assembly in an initial series of
step independently stable transmembrane helices are in-
serted into the membrane, and these subsequently pack with
each other to form native multihelical membrane proteins.
To date, very little information is available on the thermo-
dynamics of the second of these stages, namely the packing
of transmembrane helices. It is presumed that this step
involves a positive entropic effect arising from the restric-
tion of side chain motions compensated by enthalpic effects
and possibly additional solvent entropic effects. Two of us
measured a relatively large enthalpy change associated with
one of the transitions in the system we study here, namely
the formation of the tetrameric intermediate form (B820)
from the fully dissociated form (B777) of 175 kJ mol1
(Sturgis and Robert, 1994). However, to date estimations of
the importance of the various assumed entropic effects in
the aggregation of transmembrane helices are wanting. The
results that we present here suggest that there is probably a
small entropic effect opposing transmembrane helix aggre-
gation in addition to the effect of side chain conformational
restriction, namely the stabilization of the backbone confor-
mation. This energetic component would result from the
reduction in backbone conformational entropy visible as the
inhibition of H/D exchange as a result of the association of
transmembrane helices.
The results here show a progressive deprotection of the
amide protons as the transmembrane helices of an integral
membrane protein, the R. rubrum antenna complex, are
dissociated. Such a deprotection would probably result on a
molecular level from an increase in helix flexibility and, in
particular, breathing motions necessary for proton ex-
change. This influence of helix packing on stability is prob-
ably larger in other more compact membrane proteins with
a well defined interior than in the protein that we have
studied, which lacks a well defined interior being toroidal.
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